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Abstract: 
Objective:  This study investigated the association between long-term exposure to black smoke 
(BS) air pollution and mortality in two related Scottish cohorts with 25 years of follow-up.  
Methods:  Risk factors for 15,311 participants in Renfrew/Paisley and 6680 participants in 
Collaborative cohorts were collected during 1970-1976.  Exposure to BS during 1970-79 was 
estimated by inverse-distance weighted averages of observed concentrations at monitoring sites, 
and two spatial modelling approaches which included local air quality predictors (LAQP). 
Results:  Consistent BS-mortality associations (per 10 µg m-3 increment in 10-year average BS) 
were observed in the Renfrew/Paisley cohort using LAQP-based exposure models [all-cause 
mortality hazard ratio (HR) = 1.10 (95% confidence interval = 1.04-1.17); cardiovascular HR = 
1.11 (1.01-1.22); ischaemic heart disease HR = 1.13 (1.02-1.25); respiratory HR = 1.26 (1.02-
1.28)].  The associations were largely unaffected by additional adjustment for area-level 
deprivation category.  A less consistent and generally implausible pattern of cause-specific BS-
mortality associations was found for inverse-distance averaging of BS concentrations at nearby 
monitoring sites. BS-mortality associations in the Collaborative cohort were weaker and not 
statistically significant. 
Conclusions:  The association between mortality and long-term exposure to BS observed in the 
Renfrew/Paisley cohort is consistent with hypotheses of how air pollution may affect human 
health.  The dissimilarity in pollution-mortality associations for different exposure models 
highlights the critical importance of reliable estimation of exposures on intra-urban spatial scales 
to avoid potential misclassification bias. 
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What this paper adds: 
 
What is known: 
• Epidemiological evidence suggests that long-term exposure to combustion-related air 
pollutants has adverse effects on health (which are more substantial than the effects associated 
with short-term exposures) but is limited by scientific uncertainties concerning exposure 
misclassification and potential confounding. 
• There are scientific and policy requirements for cohort studies assessing air pollution health 
impacts in the UK to assess the appropriateness of extrapolation of findings from studies in the 
USA and European countries. 
 
What this study adds: 
• Associations between mortality and long-term exposure to black smoke air pollution observed 
in this study add to, and are generally consistent with, the limited observational evidence 
available to examine hypotheses of the extent to which air pollution may affect human health. 
• Dissimilarity in pollution-mortality associations for different exposure models highlights the 
critical importance of reliable estimation of exposures on intra-urban spatial scales to avoid 
potential misclassification bias. 
• The extent of dissimilarities noted between exposure models re-emphasises that inadequate 
human exposure classification will continue to be the one of the most challenging issues to 
address in future environmental epidemiology research; which emphasises the value of 
development of sufficiently extensive intra-urban pollution monitoring datasets to support 
improved epidemiological assessment. 
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Background: 
North American [1-4] and European epidemiological cohort studies [5-7] provide evidence that 
long-term exposure to air pollutants have adverse effects on health, which are more substantial 
than the effects associated with short-term exposures [8-10].  Earlier analyses relied on inter-
urban variations in air pollution with discrete urban areas represented by single monitoring sites. 
Subsequent attention has focused on exposure assignment determined from intra-urban variations 
in pollutant concentrations [2].  Extrapolating the findings from cohort studies in the USA and 
European countries to the population of the UK may not be appropriate because of variations in 
population demographics, cultural factors, and pollutant mixes.  Correspondingly there are clear 
scientific and policy requirements for similar investigations within the UK [8]. 
 
Scotland has one of the highest mortality rates in the world for coronary heart disease [11] and 
lung cancer [12].  These mortality rates have been intensively studied and related to well-
characterised socio-economic, lifestyle and medical risk factors.  The purpose of the work 
described here was to apply different exposure estimation methods to investigate if long-term 
exposure to air pollution contributes to excess cause-specific mortality, after adjusting for 
individual-level risk factors in two large cohorts in Scotland with mortality follow-up periods of 
up to 25 years. 
 
Methods: 
Cohort participants:  The study used two of the Midspan prospective cohorts [13].  The 
Renfrew/Paisley cohort was recruited from residents aged 45 to 64 of two towns in West Central 
Scotland and comprised 78% of the target population with 15,402 participants recruited between 
1972 and 1976 [14].  The Collaborative cohort comprised 7,028 participants from 27 workplaces 
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in central Scotland, recruited between 1970 and 1973 [15].  Incomplete and incorrect postcodes, 
which could not be converted to grid references, restricted the number of participants selected for 
the present study to 15,331 and 6,680 for Renfrew/Paisley and Collaborative cohorts respectively. 
 
Participants in both cohorts completed a health-related questionnaire and attended a screening 
medical examination.  The questionnaire collected data on gender, date of birth, marital status, 
smoking status, occupation and address (from which full postcode of residence and area-level 
deprivation category (DEPCAT) were derived) (Table 1).  DEPCAT is evaluated at the level of 
postcode sectors (average population: 5,000) and is calculated from census statistics on 
proportion of population in households without access to a car, in overcrowded households, with 
the head of household in social class IV or V, and in households with unemployed men [16].  
Social class was derived using the UK Registrar General’s classification based on occupation at 
time of screening [17].  Body mass index was calculated from measurements of height and 
weight..  Blood pressure was measured and a blood sample collected for measurement of plasma 
cholesterol [14]. 
 
Diagnoses for causes of death were based on the International Classification of Diseases (9th 
revision).  Five outcome mortality classifications were used: all cause (all codes), cardiovascular 
(410-414, 426-429, 434-440, 786.5), ischaemic heart disease (410-414), respiratory (480-487, 
490-496, 786.0, 786.2) and lung cancer (162).  These cause of death groupings were chosen to be 
compatible with related studies of effects of short-term pollution exposure [18].  Follow up for 
date and cause of death was maintained until the end of 1998.  
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Exposure modelling and assignment:  Participants in the Collaborative cohort were 
geographically dispersed throughout cities, towns and villages in the central part of Scotland 
(Figure 1).  The Renfrew/Paisley cohort participants were resident in a more localised area on the 
west side of the Glasgow conurbation.  To provide an indication of geographical scale the 
contiguous conurbation of Glasgow, Paisley and Renfrew can be encompassed within a radius of 
12 km, with Renfrew and Paisley encompassed by radii of 1.5 and 3.5 km respectively within this 
12 km radius. 
 
Daily black smoke (BS) measurements at 181 monitoring sites were obtained from the UK 
National Air Quality Archive [19].  BS is a metric of the optical darkness of airborne particulate 
matter collected on filter media [20].  Although quantified in units of µg m-3 BS concentrations 
do not equate directly to the mass of any particular size fraction of airborne particulate matter.  
However, consistent standard calibrations (e.g. DETR [21]) have been used for many decades to 
convert reflectance to nominal concentration such that BS data are important measures of historic 
levels of air pollution used widely in epidemiological studies.  The DETR [21] calibration 
procedures were used in the computation of UK government archived BS data used in the present 
manuscript.  The use of the BS metric as a measure of particulate matter air pollution is well-
established in the epidemiological research community and has been shown to be a good marker 
for traffic and other primary combustion-related urban air pollution often at least as predictive of 
negative health outcomes as PM10 or PM2.5 [22]. 
 
These BS data were collected at a time when there was a move away from using coal as the main 
source of domestic heating fuel under the implementation of the UK Clean Air Acts.  
Quantitative emissions data for this period are relatively limited in detail.  The location and times 
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of operation of the sites were at the discretion of the local authorities and the central government 
agency responsible for air pollution.  A substantial amount of BS data was missing at several 
sites.  Three approaches were used to estimate average long-term exposure to BS between 1970 
and 1979 for individual cohort participants.  There were insufficient pollutant observations to 
model exposure in the 1980s and 1990s at the same spatial resolution [23]. 
 
In the first approach, local knowledge of the geography and meteorological conditions in 
Scotland was used to allocate monitoring sites to 15 geographic regions (Figure 1). Each region 
had ≥ 1 site with ≥ 60% available BS data. The following model was used to impute missing data 
and compute geometric mean daily BS for 1970-79 at sites within each region, 
( ) ( ) ( ) ( ) ijijij*ijijijiijij  εtmonthtday ttItβtβs.BS y +++〉++=+= 2150ln    (1)
 
Where i indexes the sites and j indexes the observations within a site, tij is time measured in days 
from 1/1/70; t* is time from 1/1/75; I(ti > t*) = 1 when ti > t* and 0 otherwise; si is a site specific 
intercept; day(tij) and month(tij) are factors for day of week and month respectively; and εij is an 
error term.  Geometric mean daily BS exposure (1970-79) was estimated for each cohort 
individual using an inverse distance weighted average of geometric mean BS at the nearest (< 1 
km) monitoring sites.  If there were no sites within 1 km exposure was assigned the weighted 
average of the two nearest monitoring sites.  In this method, cohort individuals’ assigned 
exposure could only range from the minimum to the maximum of the nearest sites. 
 
In the second approach, the 10-year average BS at each site (after imputation of missing values as 
before) was related to four local air quality predictors (LAQP): altitude above sea level (A); 
household density (HD) within a 250m buffer [24]; distance to nearest major road (MR) 
(motorways and ‘A’ roads in 2001 from the National Atmospheric Emissions Inventory [25]); 
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and distance to the edge of the nearest urban boundary (UB) (derived from Ordnance Survey 
data).  The model also included an indicator (UA.Ind) of whether the monitoring site was inside 
or outside a small (<17.7 km2; cut-point defined by median area of urban areas containing 
monitoring sites) or large urban area.  Five spatial regression models were examined in sensitivity 
analyses [23]. The most parsimonious configuration was a semi-parametric model with bivariate 
smooth trend of geographical coordinates, s(E,N), and parametric terms for LAQP, which was 
then used to predict 10-year average BS at each residential location. 
( ) ( ) UA.Ind βUB βMR β HD βA β  E, N s BS 543215.0ln +++++=+   (2) 
where 1β … 5β  are fixed effects parameters for LAQP. 
 
The most detailed approach, multilevel spatio-temporal modelling (MultiBS), employed a 
combination of time series, imputation and spatial smoothing techniques to model the change in 
monthly BS simultaneously taking into account seasonal effects and LAQP.  
( ) ( ) ijiiiiijsijcijiijij  εUBαMRαHDαAαtSinαtCosαtgtf y +++++





+





++= 543211 1212
     (3) 
Here i indexes the sites and j indexes the temporal observations; tij is the number of months from 
January 1970; f(tij) is the BS temporal trend averaged over the population of all sites; gi(tij) is the 
deviation of the ith site from the population mean at time tij (f(tij) and gi(tij) were modeled flexibly 
using penalised linear splines); sine and cosine terms model monthly seasonal effects with c1α , 
s1α  as fixed-effect parameters; and 2α … 5α  are fixed-effect parameters of LAQP.  
 
The AMBS and MultiBS models were similar in that both used spatial smoothing to estimate 
participants’ exposure by taking into account both air pollution concentrations at monitoring sites 
nearby their residences and local environmental determinants by means of LAQP.  However the 
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multilevel model has the ability to estimate coefficients between BS and LAQP in the presence of 
missing data, and hence was not dependent on the imputation techniques used to replace missing 
data in the first two approaches.  BS exposures calculated by the three techniques are 
subsequently referred to as IDWBS, AMBS and MultiBS.  Further details of the development, 
evaluation and application of these exposure models are given in Robertson et al. [23]. 
 
We included only participants who lived within 5 km of the nearest sites for all three exposure 
models.  Estimated 1970-79 geometric mean exposure concentrations at participants' residential 
addresses in Renfrew/Paisley ranged from 14.9 to 27.1 µg m-3, 5.9 to 24.4 µg m-3, and 6.4 to 28.7 
µg m-3 for IDWBS, AMBS and MultiBS respectively; and in Collaborative ranged from 5.4 to 
70.0 µg m-3, 6.2 to 48.5 µg m-3, and 4.6 to 55.3 µg m-3 respectively (Table 1). 
 
The three exposure models were evaluated in a cross-validation study [23].  Monitoring sites with 
> 80% data coverage were identified and any missing data was imputed with a site-specific time-
series model with a flexible trend, month and day effects to give 39 sites with ‘complete’ data.  
Ten-year mean BS concentrations at these 39 sites ranged from 8.9 µg m-3 to 48.2 µg m-3.  We 
then created a ‘test data set’ from 19 of these sites, selected at random, and a ‘training data set’ 
from the remaining 20 sites together with all the sites with < 80% data coverage. The model was 
fitted to the training data set (of 162 sites) and then used to predict BS in the test data set. This 
cross-validation procedure was repeated 10 times with different random selections from the 39 
complete data sites forming the test set.  The average mean squared differences on the log black 
smoke scale [(ln µg m-3)2] were 0.171, 0.171, and 0.090 for IDWBS, AMBS and MultiBS 
exposure models respectively. 
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Interpolated maps of BS concentrations were prepared from estimated BS exposure at address 
postcodes of cohort participants [23].  The AMBS and MultiBS models provided a much more 
consistent and (from local knowledge) plausible prediction of exposure at addresses of 
individuals than the IDWBS model (e.g. the IDWBS model failed to predict anticipated lower 
concentrations for many cohort addresses in residential areas in south Paisley as all estimates 
were constrained to remain within the high concentrations measured in the centre of Paisley).  
Collectively the cross-validation and map visualisation suggest that the LAQP-based models 
produce a more realistic prediction of likely exposures in the cohorts [23]. 
 
Survival Analysis: Associations between estimated long-term exposure to air pollution using the 
three different exposure models and cause-specific mortality were examined using Cox 
proportional hazards regression, with baseline hazard functions stratified by 1 year age groups 
and gender, for follow-up to the end of 1998.  
 
Baseline variables included: marital status; smoking status (never, ex-smoker, or current smokers 
who smoked 1-14, 15-24, 25+ cigarettes per day, pipe or cigar smokers); social class (categorised 
as I:high, II, III non-manual, III manual, IV, V:low); body mass index (expressed in quintiles); 
systolic blood pressure; and cholesterol.  The latter two variables were used only for modeling all 
cause, cardiovascular and ischaemic heart disease mortality. 
 
Participants with missing systolic blood pressure and cholesterol were removed. 423 (2.8%) 
participants with missing social class in Renfrew/Paisley were recoded as a separate level in 
social class. As there were only 11 (0.2%) participants with missing social class in Collaborative, 
they were removed from the analyses.  
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To investigate sensitivity to possible additional confounding by area-level socio-economic status, 
additional adjustments for DEPTCAT (1 (least deprived), 2, …., 7 (most deprived)) were 
included.  Further sensitivity analyses used shared gamma frailty models, where a random effect 
cluster was applied to postcode sectors and deprivation categories.  Additional sensitivity 
analyses examined the effect of exclusion of participants who lived at different distances from 
monitoring sites (for IDWBS) and different follow-up time periods (all exposure models).  
Possible BS effect modification by gender, smoking status, body mass index and social class was 
also examined. 
 
Statistical analyses were performed using SPLUS 7.0, R 2.14.1 and SPSS 12.0.1.  A R package 
“frailtypack” was used to fit the shared frailty model with parameters estimated by penalised 
likelihood maximisation.  
 
Results: 
In analyses of the Renfrew/Paisley cohort (Table 2(A)) the adjusted hazard ratios for all-cause 
and cause-specific mortality, attributable to an increment of 10 µg m-3 long-term MultiBS 
exposure in 1970-79, were, in descending order: respiratory (hazard ratio, HR = 1.26, 95% CI = 
1.02-1.55); ischaemic heart disease (HR = 1.13, 1.02-1.25); cardiovascular (HR = 1.11, 1.01-
1.22); all cause (HR = 1.10, 1.04-1.17) and lung cancer (HR = 1.00, 0.84-1.20) for follow-up till 
end of 1998. Associations between BS and all-cause and specific causes of death were slightly 
attenuated but persisted with additional adjustment of deprivation category in the standard Cox 
model.  
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Effect magnitudes for exposures predicted via AMBS were similar to those via MultiBS.  In 
contrast, associations between IDWBS estimates and mortality were markedly different from the 
AMBS and MultiBS models, with inconsistent directions and relatively large confidence 
intervals.   
 
In the Collaborative cohort BS-mortality associations were lower and not significantly elevated, 
except for lung cancer [HR = 1.11 (0.96-1.30) for MultiBS]. and were similar for different 
exposure models (Table 2(B)). 
 
The hazard ratios in both cohorts were largely unaffected by stepwise adjustment of risk factors 
(Table 3). 
 
In sensitivity analyses using shared gamma frailty models there was no evidence for the 
Collaborative cohort of heterogeneity between postcode sectors or between deprivation 
categories.  In Renfrew/Paisley, a much smaller geographic area with only 14 postcode sectors,  
there was evidence for heterogeneity between postcode sectors (deduced from a modified Wald 
test: variance of the random effect of 0.00637 divided by standard error 0.0335, which gave 1.82 
> 1.64, critical value of one-sided normal test) but no evidence of heterogeneity between 
deprivation categories.  Inclusion of a shared frailty component associated with deprivation 
category was not required as the risk factors in the model accounted for most of the variance in 
survival time. 
 
There was no evidence of BS effect modification by gender, smoking or social class for all cause 
and specific causes of death for both cohorts (results not shown). 
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Discussion: 
BS-mortality associations were observed in the geographically localised Renfrew/Paisley cohort 
for all-cause, cardiovascular, ischaemic heart disease and respiratory mortality.  Associations 
between BS and cause-specific outcomes were generally consistent for the LAQP-based MultiBS 
and AMBS exposure models, with a less consistent and generally implausible pattern of 
associations noted for the IDWBS exposure model.  There was limited evidence of possible 
pollution-related effects in separate analyses of the Collaborative cohort. 
 
Analyses based on the MultiBS exposure model in Renfrew/Paisley indicated highest hazard 
ratios for respiratory, followed by ischaemic heart disease, cardiovascular and all-cause mortality.  
BS-mortality associations for the AMBS exposure model were similar to those for MultiBS.  
These findings are consistent with hypotheses of how air pollution may affect human health [10 
26] and the limited evidence base (reviewed by [22]) on BS-mortality associations from cohort [5 
7] and cross-sectional studies [27] (Table 4).  For example, observation of all-cause mortality HR 
of 1.10 (95% CI: 1.04-1.17) associated with an increment of 10 µg m-3 long-term MultiBS in this 
study is consistent with equivalent effect magnitudes in 2 other cohort studies that use BS as an 
exposure metric: in the Netherlands (all-cause mortality HR of 1.05 (1.00-1.11) [7]); and in 
France (all-cause mortality HR of 1.07 (1.03-1.10) [5]).  These cohort-based risk estimates for 
all-cause mortality appear to be higher than similar risk estimates made in a small area ecological 
study in the UK (e.g. all-cause mortality HR = 1.019 (1.018-1.021) and 1.007 (1.006-1.009) for 
analyses before and after adjustment for area-level deprivation for 0-8 year exposure window 
[27]).  Relatively large BS-respiratory mortality associations are evident in the Midspan, NLCS-
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Air and GB small area studies (respiratory mortality was not examined separately in the PAARC 
study). 
 
The IDWBS was anticipated a priori to be inadequate for estimation of the effects of local road 
traffic and household emissions (particularly domestic coal fires before more extensive 
implementation of smoke control areas under the UK Clean Air Acts) and dispersion and 
advection processes.  This may explain why IDWBS exposure estimates resulted in unexpected 
‘protective’ BS-mortality associations in Renfrew/Paisley, although these were less evident when 
analysis was restricted to cohort participants within 2 km of a monitoring site (results not shown). 
This suggests that IDWBS estimation results in gross exposure misclassification.  For example, 
local knowledge of pollution climates suggests that the IDWBS model substantially 
overestimated actual exposures in suburban areas in south Paisley by assigning cohort 
participants with a distance weighted average of the means of the two nearest monitoring sites in 
relatively polluted parts of the centre of Paisley.  In contrast the use of LAQP provided consistent 
and plausible estimates of intra-urban variations in BS exposure as predicted concentrations were 
not constrained to lie within the range of concentrations observed at the nearest (but not 
necessarily ‘near’) monitoring sites [23]. 
 
In the reanalysis of the ACS and Harvard Six Cities cohorts, which assigned exposure based on 
community average concentrations, the hazard ratio for respiratory mortality was lower in 
magnitude than that for cardiovascular mortality with relatively wide confidence intervals [28].  
In contrast, in this study of the Renfrew/Paisley cohort using LAQP-based exposure estimation, 
the hazard ratio for respiratory mortality was higher in magnitude than for any of the other 
outcomes. 
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There are limitations in this study of the Midspan cohorts that are shared to a greater or lesser 
extent with most, if not all, cohort studies of long-term exposure to air pollution. These include 
exposure misclassification (through missing exposure data, limitations of the exposure model in 
capturing long-term personal exposures of multiple pollutant metrics that may be relevant to the 
outcomes being studied, and lack of information on participants’ mobility) and potentially 
incomplete adjustment for confounding (through unknown individual and area-level risk factors). 
 
The reasons for the weaker BS-mortality associations in the Collaborative compared to 
Renfrew/Paisley cohort remain speculative.  The MultiBS estimated BS concentrations in the 
Renfrew/Paisley cohort area had a relatively small IQR and range of 6 and 6–29 µg m-3 
respectively (compared to 8 and 5-55 µg m-3 for the Collaborative cohort), but the effect 
magnitudes for Renfrew/Paisley were more elevated for all specific causes except lung cancer.  
Exposure misclassification, lower number of participants/events, lower susceptibility, and/or 
unmeasured confounding factors may have been important.  It is possible that the non-
occupational nature of the Renfrew/Paisley cohort increased the number of individuals who spent 
more time at their residential address reducing exposure misclassification. 
 
Although the risks of air pollution on lung cancer in the Collaborative cohort were estimated 
relatively imprecisely because of low number of events, the direction and magnitude of the effect 
estimated from the MultiBS exposure model (HR = 1.11, CI = 0.97-1.30 for follow up to 1998) 
were not inconsistent with the 8% increase risk in lung cancer mortality noted in extended 
analyses of the ACS cohort [29].  It is possible that high smoking rates in the Renfrew/Paisley 
cohort (>80% of males with history of smoking and the relatively high overall consumption of 
Page 16 of 26 
cigarettes) may have obscured associations between lung cancer mortality and air pollution 
estimated from the AMBS and MultiBS exposure models.  For reasons that remain unclear, 
relatively high rates of lung cancer were noted in suburban areas in the south west of the 
Renfrew/Paisley study area compared to lower rates of lung cancer in the town centre areas of 
Paisley and Renfrew.  Cohort participants in south west Paisley would have been assigned a 
distance weighted average of the means of the two nearest monitoring sites in relatively polluted 
parts of the centre of Paisley.  As noted above, the IDWBS exposure estimates are prone to this 
type of limitation compared to the AMBS and MultiBS exposure models and correspondingly the 
associations observed between lung cancer mortality and IDWBS in the Renfrew/Paisley cohort 
(Table 2) were considered to be anomalous. 
 
Participants’ exposures were based on their residential addresses recorded at recruitment in the 
1970s.  Information on relocations and recent addresses was unavailable but linkage of the 
Renfrew/Paisley cohort to a national patient database for Scotland suggested that the majority of 
survivors (84%) were still resident in the Argyll and Clyde Health Board area in the West of 
Scotland in 1995 [30].  This does not however provide information on the extent to which 
participants may have changed address within this Health Board area and/or within the urban 
conurbation of Renfrew/Paisley.  Thus exposure misclassification may have resulted from a lack 
of information about participants’ mobility. 
 
Information regarding some potential risk factors, including smoking and body mass index, were 
only obtained at the time of recruitment.  Hence, adjustments for changes in these factors, which 
might alter the risks of air pollution on health, could not be made.  Information on education level 
was available for the Collaborative cohort, but not for the Renfrew/Paisley cohort.  However, 
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Davey Smith et al. [15]  have shown that occupational social class can be a stronger predictor of 
health outcomes than education.  Additionally, there is evidence that underlying social 
inequalities in health in the UK may be related more clearly to current social circumstances rather 
than childhood circumstances [15]. 
 
The LAQP exposure models predicting air pollution concentrations include household density 
and distance to nearest road variables that may be associated with mortality independently of 
their association with air pollution (as indirect measures of area-level socio-economic 
conditions).  This raises the possibility of confounding [31].  However, as pollution climate is 
highly (and highly plausibly) dependent on the LAQP variables, inclusion of these variables in 
the survival model presents substantial risk of 'over-adjustment' and possible obscuration of 
genuine pollution effects.  Given that direct individual measures of long-term pollution exposure 
are unfeasible (and impossible retrospectively), the estimation of long-term effects of air 
pollution requires a choice between: (a) definite, and possibly gross, exposure misclassification 
due to very poor estimation of individual exposures; or (b) more precise estimation of individual 
exposures that may entail possible confounding by local air quality predictors.  The potential for 
unknown confounding mechanisms accounting for the apparent effect of long-term exposure to 
particles on mortality is likewise recognised in reviews of scientific issues in air pollution and 
health research [10]. 
 
To test further for possible socio-economic confounding an additional area-level measure of 
deprivation was added to the standard Cox model [32].  This measure has been shown to be 
related to multiple heath outcomes in the Renfrew/Paisley cohort [33] and to modify observed 
effects of short-term exposure to BS in the general population from which the cohort was 
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sampled [34].  Additional adjustment for DEPCAT slightly attenuated the associations between 
long-term BS exposure and mortality (Table 2 Panels C & D & Table 3), but the overall pattern 
of association remained broadly consistent with the analyses prior to adjustment for DEPCAT 
and with the magnitude of pollution effects published in a UK review of the health effects of 
long-term exposure to air pollution (best estimates [and 95% CI] of relative risk of: 1.06 [1.02-
1.11]; 1.09 [1.03-1.16]; 1.08 [1.01-1.16] for all-cause; cardiopulmonary; and lung cancer 
mortality respectively [8]). Further sensitivity analyses using a shared frailty model revealed 
similar pollution-mortality associations as in the standard Cox models, with no evidence of 
confounding by DEPCAT.  
 
The interpretation of this additional adjustment is similarly complicated by the possibility of 
‘over-adjustment’ that may obscure underlying effects of pollution exposure as the area level 
DEPCAT variable is partly derived from individual level social class variables, and by the 
possibility that air pollution has a role in the contextual effect of neighbourhood-level deprivation 
on mortality [35-37].  Complexities of this nature may have contributed to inconsistent evidence 
found in reviews of the effect of socioeconomic status on the relationship between air pollution 
exposure and health [38-39] and are subject to ongoing research developments (e.g. using 
multilevel analytical approaches) which continue to face conceptual and methodological 
challenges to establishing causal inference [40].  The detailed pollution exposure estimates 
produced for the Midspan cohorts may provide a useful dataset for future research as 
methodological progress is made.  In the meantime it is re-emphasised that retrospective 
individual-level exposure estimation is just the best possible estimate of individual exposure 
within constraints of currently available information and analytical approaches and that the data 
in panels A and C, and B and D of Table 2 provides a range of HR estimates of the effects of air 
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pollution between possible under- and over-adjustment for confounding in the combined 
exposure and survival models. 
 
Conclusions: 
The associations between mortality and long-term exposure to BS observed in this study in the 
UK are broadly consistent with previous evidence from other countries and hypotheses of how 
particulate matter air pollution may affect human health.  The dissimilarity in health effects based 
on different exposure models highlights the critical importance of reliable estimation of long-
term exposures on a fine intra-urban spatial scale to avoid potential misclassification problems 
inherent in air pollution epidemiology studies.  The extent of the dissimilarities noted between 
exposure models re-emphasises that it is likely that inadequate human exposure classification will 
continue to be the one of the most challenging issues to address in future environmental 
epidemiology research; and this has important implications for the development of fit-for-purpose 
pollution monitoring and modelling capabilities by local and central government and their health 
protection agencies. 
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Table 1 Summary statistics of individual baseline mortality data in Renfrew/Paisley and Collaborative cohorts (sd: 
standard deviation; LQ: lower quartile; UQ: upper quartile; min: minimum, max: maximum) 
 
Variables  Renfrew/Paisley (n = 15,331) 
Collaborative 
(n = 6,680) 
Age in years 
mean (sd) 54.3 (5.6) 48.1 (6.6) 
median [LQ, UQ] 54.0 [50.0,59.0] 48.0 [43.0,53.0] 
(min, max) (45.0,64.0) (35.0,64.0) 
Gender female (%) 8324 (54.3%) 987 (14.8%) 
male (%) 7007 (45.7%) 5693 (85.2%) 
Marital Status 
married (%) 12284 (80.1%) 5852 (87.6%) 
other (%) 271 (1.8%) 60 (0.9%) 
single (%) 1411 (9.2%) 582 (8.7%) 
widowed (%) 1365 (8.9%) 185 (2.8%) 
missing (%) 0 (0.0%) 1 (0.0%) 
Social class 
I  (high) (%)  538 (3.5%) 767 (11.5%) 
II  (%) 2221 (14.5%) 1104 (16.5%) 
IIIN  (%) 2798 (18.3%) 1813 (27.1%) 
IIIM  (%) 4289 (28.0%) 1216 (18.2%) 
IV  (%) 3758 (24.5%) 1539 (23.0%) 
V  (low) (%) 1304 (8.5%) 230 (3.4%) 
missing (%) 423 (2.8%) 11 (0.2%) 
Smoking habits 
never (%) 4983 (32.5%) 1343 (20.1%) 
ex (%) 2343 (15.3%) 1440 (21.6%) 
1-14 (%) 2394 (15.6%) 981 (14.7%) 
15-24 (%) 4057 (26.5%) 1891 (28.3%) 
25+ (%) 1407 (9.2%) 868 (13.0%) 
Pipe-cigar (%) 147 (1.0%) 154 (2.3%) 
missing (%) 0 (0.0%) 3 (0.0%) 
Body mass index, bmi 
(kg/m2) 
mean (sd) 25.8 (4.0) 25.1 (3.2) 
median (LQ, UQ) 25.5 [23.1,28.0] 25.0 [23.0,27.0] 
(min, max) (14.1,67.9) (15.7,51.7) 
missing (%) 14 (0.1%) 1 (0.0%) 
Systolic blood pressure 
(mm Hg) 
mean (sd) 149.4 (24.4) 134.4 (18.2) 
median (LQ, UQ) 146.0 [132.0,164.0] 131.0 [122.0,143.0] 
(min, max) (80.0,270.0) (90.0,257.0) 
missing (%) 7 (0.0%) 5 (0.1%) 
Cholesterol 
(mmol/l) 
mean (sd) 6.2 (1.1) 5.9 (1.0) 
median (LQ, UQ) 6.1 [5.4,6.8] 5.8 [5.2,6.5] 
(min, max) (1.9,20.5) (1.9,11.5) 
missing (%) 137 (0.9%) 41 (0.6%) 
Deprivation 
Category 
1 (least deprived)  967 ( 6.3%)  616 ( 9.2%) 
2  0 ( 0.0%)  536 ( 8.0%) 
3 2086 (13.6%)  966 (14.5%) 
4 3349 (21.8%) 1056 (15.8%) 
5 5539 (36.1%) 1425 (21.3%) 
6 2765 (18.0%) 1370 (20.5%) 
 
7 (most deprived)  625 ( 4.1%)  709 (10.6%) 
missing(%)  0 ( 0.0%)  2 ( 0.0%) 
Specific group causes 
of death up to end of 1998 
 
Dead (%) 7767 (50.7%) 2885 (43.2%) 
Cardiovascular (%) 3041 (19.8%) 1169 (17.5%) 
Ischaemic Heart Disease (%)  2534 (16.5%)  954 (14.3%) 
Respiratory (%)  606 ( 4.0%)  178 ( 2.7%) 
Lung Cancer (%)  798 ( 5.2%)  288 ( 4.3%) 
Distance from nearest BS monitor 
(km) 
mean (sd) 1.7 (1.1) 1.8 (2.3) 
median (LQ, UQ) 1.4 [0.8,2.6] 1.2 [0.7,2.0] 
(min, max) (0.0,4.6) (0.0,69.5) 
Predicted black 
smoke exposure using 
IDWBS (µg m-3)  
(within 5 km of monitoring sites) 
mean (sd)  23.6 (2.8) 22.6 (8.3) 
median [LQ,UQ]  25.2 [21.6,25.7] 21.3 [16.7,26.8] 
(min,max)  (14.9,27.1) (5.4,70.0) 
missing (%)  0 (0%) 449 (6.7%) 
Predicted black 
smoke exposure using 
AMBS (µg m-3)  
(within 5 km of monitoring sites) 
mean (sd)  18.8 (2.7) 23.0 (7.6) 
median [LQ,UQ]  19.4 [16.8,20.9] 21.5 [17.6,27.8] 
(min,max)  (5.9,24.4) (6.2,48.5) 
missing (%)  0 (0%) 422 (6.3%) 
Predicted black 
smoke exposure obtained via 
MultiBS (µg m-3)  
(within 5 km of monitoring sites) 
mean (sd)  19.3 (3.9) 23.2 (7.5) 
median [LQ,UQ]  19.8 [16.1,22.4] 21.8 [18.3,26.6] 
(min,max)  (6.4,28.7) (4.6,55.3) 
missing (%)  0 (0%) 364 (5.4%) 
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Table 2:  Adjusted hazard ratios per 10 µg m-3 increment of geometric mean black smoke concentration for 1970-79, with 
corresponding 95% CI for all cause and cause-specific mortality for follow-up till end of 1998 for the Renfrew/Paisley (panel 
A) and Collaborative (panel B) cohorts.  Hazard ratios in Panels (A) and (B) were estimated by Cox proportional hazards 
regression model adjusted for baseline risk factors (listed in Table 3).  Panels (C) and (D) outline effect of adjustment for area-
level Deprivation Category in addition to above baseline risk factors. 
Exposure Model(a) Cause(b) Cases N HR 95% CI p Cases N HR 95% CI p 
   (A) Renfrew/Paisley (B) Collaborative 
MultiBS All Cause 7691 15188 1.10 (1.04-1.17) 0.002 2711 6257 1.01 (0.96-1.06) 0.75 
 CVD 3014 15188 1.11 (1.01-1.22) 0.028 1091 6257 1.03 (0.95-1.12) 0.48 
 IHD 2512 15188 1.13 (1.02-1.25) 0.019 890 6257 1.03 (0.94-1.12) 0.56 
 Respiratory 606 15331 1.26 (1.02-1.55) 0.035 174 6299 0.97 (0.79-1.18) 0.76 
 Lung Cancer 798 15331 1.00 (0.84-1.20) 0.97 273 6299 1.11 (0.96-1.30) 0.17 
AMBS All Cause 7691 15188 1.14 (1.04-1.24) 0.003 2687 6200 1.01 (0.96-1.06) 0.79 
 CVD 3014 15188 1.14 (1.00-1.31) 0.052 1082 6200 1.02 (0.95-1.11) 0.55 
 IHD 2512 15188 1.19 (1.02-1.37) 0.023 883 6200 1.01 (0.92-1.10) 0.83 
 Respiratory 606 15331 1.43 (1.05-1.96) 0.023 173 6241 0.93 (0.76-1.14) 0.49 
 Lung Cancer 798 15331 0.98 (0.76-1.26) 0.85 269 6241 1.15 (0.98-1.34) 0.082 
IDWBS 5km All Cause 7691 15188 0.90 (0.83-0.98) 0.014 2677 6174 1.00 (0.95-1.05) 0.98 
 CVD 3014 15188 0.77 (0.67-0.87) <0.001 1078 6174 1.02 (0.95-1.10) 0.61 
 IHD 2512 15188 0.81 (0.70-0.93) 0.003 880 6174 1.01 (0.93-1.10) 0.80 
 Respiratory 606 15331 0.94 (0.71-1.26) 0.70 172 6214 0.96 (0.80-1.17) 0.71 
 Lung Cancer 798 15331 1.33 (1.03-1.74) 0.032 266 6214 1.07 (0.93-1.24) 0.34 
            
   (C) Renfrew/Paisley (D) Collaborative 
MultiBS All Cause 7691 15188 1.08 (1.02-1.15) 0.015 2710 6255 1.01 (0.95-1.06) 0.82 
 CVD 3014 15188 1.10 (1.00-1.22) 0.060 1091 6255 1.02 (0.93-1.10) 0.72 
 IHD 2512 15188 1.12 (1.00-1.25) 0.050 890 6255 1.01 (0.92-1.11) 0.87 
 Respiratory 606 15331 1.30 (1.04-1.63) 0.024 174 6297 0.96 (0.78-1.18) 0.69 
 Lung Cancer 798 15331 0.99 (0.81-1.21) 0.92 273 6297 1.15 (0.98-1.34) 0.095 
AMBS All Cause 7691 15188 1.12 (1.02-1.23) 0.015 2686 6198 1.01 (0.96-1.06) 0.80 
 CVD 3014 15188 1.14 (0.98-1.32) 0.089 1082 6198 1.02 (0.94-1.11) 0.67 
 IHD 2512 15188 1.18 (1.00-1.39) 0.047 883 6198 1.00 (0.91-1.09) 0.93 
 Respiratory 606 15331 1.57 (1.12-2.19) 0.009 173 6239 0.91 (0.74-1.12) 0.38 
 Lung Cancer 798 15331 0.96 (0.72-1.28) 0.77 269 6239 1.18 (1.00-1.38) 0.047 
IDWBS 5km All Cause 7691 15188 0.86 (0.79-0.94) 0.001 2676 6172 1.00 (0.95-1.05) 0.91 
 CVD 3014 15188 0.71 (0.61-0.82) <0.001 1078 6172 1.02 (0.94-1.11) 0.59 
 IHD 2512 15188 0.74 (0.63-0.87) <0.001 880 6172 1.00 (0.92-1.09) 0.98 
 Respiratory 606 15331 0.80 (0.57-1.11) 0.18 172 6212 0.93 (0.75-1.14) 0.47 
 Lung Cancer 798 15331 1.34 (1.00-1.79) 0.050 266 6212 1.10 (0.95-1.28) 0.21 
 
(a)
 MultiBS - Multilevel Black Smoke Model with local air quality predictors, with up to 294 and 141 per 1000 person years for 
Renfrew/Paisley and Collaborative respectively. 
AMBS - Additive model using area based imputed data and local air quality predictors, with up to 294 and 140 per 1000 person 
years for Renfrew/Paisley and Collaborative respectively. 
IDWBS 5km - Inverse distance weighted assignment using area based imputed data., with  up to 294  and 139 per 1000 person 
years for Renfrew/Paisley and Collaborative respectively. 
IDWBS 5km - Inverse distance weighted assignment, restricting to participants within 5 km, using area based imputed data, with 
up to 184 and 108 per 1000 person years for Renfrew/Paisley and Collaborative respectively. 
(b) CVD - Cardiovascular Disease; IHD - Ischaemic Heart Disease. 
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Table 3. Adjusted hazard ratios per 10 µg m-3 increment of geometric mean black smoke concentration for 1970-79, with 
corresponding 95% CI for all cause and cause-specific mortality for the Renfrew/Paisley and Collaborative cohorts with stepwise 
adjustment of risk factors in Renfrew/Paisley and Collaborative with MultiBS. 
 All Cause CVD IHD Respiratory Lung Cancer 
Model Covariates (a) HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI 
Renfrew/Paisley           
black smoke only 1.12 (1.05-1.18) 1.09 (1.00-1.20) 1.12 (1.01-1.23) 1.34 (1.08-1.65) 1.07 (0.89-1.28) 
+ marital status 1.1 (1.04-1.16) 1.08 (0.99-1.19) 1.1 (0.99-1.22) 1.31 (1.06-1.62) 1.07 (0.89-1.28) 
+ body mass index 1.1 (1.03-1.16) 1.08 (0.99-1.19) 1.11 (1.00-1.23) 1.28 (1.03-1.58) 1.04 (0.87-1.24) 
+ smoking 1.08 (1.02-1.15) 1.07 (0.98-1.18) 1.1 (0.99-1.22) 1.27 (1.02-1.56) 1.01 (0.85-1.21) 
+ cholesterol 1.08 (1.02-1.15) 1.07 (0.97-1.17) 1.09 (0.98-1.21) NA NA NA NA 
+ systolic blood pressure 1.11 (1.05-1.18) 1.12 (1.02-1.24) 1.14 (1.03-1.26) NA NA NA NA 
+ social class (b) 1.1 (1.04-1.17) 1.11 (1.01-1.22) 1.13 (1.02-1.25) 1.26 (1.02-1.55) 1 (0.84-1.20) 
+ deprivation category  (c) 1.08 (1.02-1.15) 1.1 (1.00-1.22) 1.12 (1.00-1.25) 1.3 (1.04-1.63) 0.99 (0.81-1.21) 
Collaborative           
black smoke only 1.06 (1.01-1.11) 1.06 (0.98-1.15) 1.06 (0.97-1.16) 1.09 (0.90-1.32) 1.22 (1.06-1.42) 
+ marital status 1.05 (1.00-1.10) 1.06 (0.98-1.14) 1.05 (0.97-1.15) 1.06 (0.87-1.28) 1.19 (1.03-1.38) 
+ body mass index 1.04 (0.99-1.09) 1.06 (0.98-1.14) 1.05 (0.96-1.15) 1.04 (0.86-1.27) 1.18 (1.02-1.37) 
+ smoking 1.02 (0.97-1.07) 1.03 (0.95-1.11) 1.03 (0.94-1.12) 0.99 (0.81-1.20) 1.12 (0.97-1.30) 
+ cholesterol 1.02 (0.97-1.07) 1.04 (0.96-1.12) 1.04 (0.95-1.13) NA NA NA NA 
+ systolic blood pressure 1.02 (0.97-1.07) 1.04 (0.96-1.12) 1.04 (0.95-1.13) NA NA NA NA 
+ social class (b) 1.01 (0.96-1.06) 1.03 (0.95-1.12) 1.03 (0.94-1.12) 0.97 (0.79-1.18) 1.11 (0.96-1.30) 
+ deprivation category (c) 1.01 (0.95-1.06) 1.02 (0.93-1.10) 1.01 (0.92-1.11) 0.96 (0.78-1.18) 1.15 (0.98-1.34) 
(a) All models are stratified by 1 year age group and gender. 
(b) Model presented in Table 2 A and B 
(c) Model presented in Table 2C and D. 
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Table 4.  Summary of black smoke-mortality associations in Midspan, NLCS-Air and PAARC cohort studies; and 
small-area ecological study in Great Britain. 
Study All Cause Cardiovascular Respiratory Lung cancer 
R/P cohort (a) 1.10 (1.04-1.17) 1.11 (1.01-1.22) 1.26 (1.02-1.55) 1.00 (0.84-1.20) 
R/P cohort + Dep (b) 1.08 (1.02-1.15) 1.10 (1.00-1.22) 1.30 (1.04-1.63) 0.99 (0.81-1.21) 
NLCS-Air cohort (c) 1.05 (1.00-1.11) 1.04 (0.95-1.13) 1.22 (0.99-1.50) 1.03 (0.88-1.20) 
PAARC cohort (d) 1.07 (1.03-1.25) 1.05 (0.98-1.12)(d) 1.05 (0.98-1.12)(d) 1.03 (0.92-1.15) 
GB small area (e) 1.019 (1.018-1.021) 1.020 (1.017-1.022) 1.030 (1.026-1.034) 1.026 (1.021-1.032) 
GB small area + Dep (f) 1.007 (1.006-1.009) 1.007 (1.004-1.009) 1.019 (1.015-1.023) 1.006 (1.000-1.012) 
(a)
 BS- mortality association in Renfrew/Paisley cohort observed in present study, with adjustment for individual-
level risk factors, including social class. 
(b)
 As for (a) with adjustment for individual-level risk factors including social class; and additional adjustment area-
level deprivation. 
(c)
 BS- mortality association in NLCS-Air cohort in Netherlands, including adjustment for area-level socio-economic 
status [7]. 
(d)
 BS- mortality association in PAARC cohort in France [5].  Cardiovascular and respiratory BS-mortality 
associations are not reported separately for PAARC cohort.  Therefore the reported BS-‘cardiopulmonary’ 
association has been replicated in third and fourth column of above table. 
(e)
 BS- mortality association (for 0-8 year exposure window) in small-area ecological study across electoral wards in 
Great Britain [27]. 
(f)
 As for (e) with additional adjustment for area-level deprivation. 
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Figure 1:  Locations of cohort participants’ residential addresses and black smoke monitoring 
sites. 
 
 
 
 
 
